To explore mechanisms in plant sterol homeostasis, we have here increased the turnover of sterols in Arabidopsis and potato plants by overexpressing four mouse cDNA encoding cholesterol hydroxylases (CHs), hydroxylating cholesterol at the C-7, C-24, C-25, or C-27 positions. Compared to the wild type, the four types of Arabidopsis transformant showed varying degrees of phenotypic alteration, the strongest one being in CH25 lines, which were dark-green dwarfs resembling brassinosteroid-related mutants. GC-MS analysis of extracts from wild-type Arabidopsis plants revealed trace levels of α and β forms of 7-hydroxycholesterol, 7-hydroxycampesterol and 7-hydroxysitosterol. The expected hydroxycholesterol metabolites in CH7-, CH24-and CH25 transformants were identified and quantified using GC-MS. Additional hydroxysterol forms were also observed, particularly in CH25 plants. In CH24 and CH25 lines, but not in CH7 ones, the presence of hydroxysterols was correlated with a considerable alteration of the sterol profile and an increased sterol methyltransferase activity in microsomes. Moreover, CH25 lines contained clearly reduced levels of brassinosteroids, and displayed an enhanced drought tolerance. Equivalent transformations of potato plants with the CH25 construct increased hydroxysterol levels, but without the concomitant alteration of growth and sterol profiles observed in Arabidopsis. The results suggest that an increased hydroxylation of cholesterol and/or other sterols in Arabidopsis triggers compensatory processes, acting to maintain sterols at adequate levels.
INTRODUCTION
Sterols are important components of the membrane system in eukaryotes. In the membrane, sterols contribute to its physical properties and the activity of membranebound proteins. Sterols are also metabolic precursors to steroid hormones, and can function as signaling molecules by binding to regulatory proteins. While these functional aspects of sterols to a large extent are conserved within eukaryotes, the chemical structure of sterols varies considerably among different organisms (Hartmann, 1998) . The main sterol in vertebrates is cholesterol, a sterol with 8 carbon atoms in its side chain (a C8 sterol), while fungi contain ergosterol, a C9 sterol. Plants are characterized by a mixture of C8, C9, and C10 sterols, such as cholesterol, campesterol and sitosterol, respectively (Fig. 1A) . Insects are unable to synthesize sterols de novo, and depend on an intake of sterols or metabolic precursors from their diet.
Due to the complex cellular functions of sterols, a deficient sterol metabolism often leads to adverse developmental effects. To ensure an adequate sterol level, eukaryotes have evolved different regulatory mechanisms (Espenshade and Hughes, 2007) .
Cholesterol homeostasis in humans involves membrane-bound bHLH-zip transcription factors, denoted sterol regulatory element-binding proteins (SREBPs), which directly activate expression of genes in the synthesis and uptake of cholesterol, fatty acids and other lipids. Regulation of SREBP activity is mediated by its interaction with SCAP, a sterol sensor and escort protein, and the proteases S1P and S2P. The SREBP pathway is present in fruitfly (Drosophila melanogaster), nematode (Caenorhabditis elegans), and in fission yeast (Schizosaccharomyces pombe), but is absent in baker's yeast (Saccharomyces cerevisiae) . This fungus depends on other transcription factors, Upc2p and Ecm22p, which bind to sterol response promoter elements and regulate expression certain plant species as a metabolic precursor of defense metabolites, such as saponins, phytoecdysones, and glycoalkaloids (Kreis and Müller-Uri, 2010) . In most plant species, e.g. Arabidopsis and rice, cholesterol constitutes only a small fraction of total desmethylsterols. However, cholesterol can in some species be a major sterol, and the ratio of cholesterol in membrane sterols can be as high as 20 % in potato plants (Arnqvist et al., 2003) , possibly related to a use of cholesterol for synthesis defense metabolites. The regulatory mechanisms that underlie these metabolic differences between species are poorly understood. Mutation of the Arabidopsis STEROL METHYLTRANSFERASE1 (SMT1) gene has been correlated with a lowered alkylation of sterol side-chains and a drastically increased cholesterol level, indicating that cholesterol synthesis is influenced by this enzymatic step (Diener et al., 2000) .
To gain more knowledge about the homeostasis of cholesterol and other sterols in plants, we have here increased the turnover of cholesterol in transgenic plants by overexpression of four mouse CHs hydroxylating cholesterol at different positions. In mouse, these enzymes hydroxylate cholesterol mainly at the C-7, C-24, C-25, and C-27 positions (Russell, 2000; Pikuleva, 2006) (Fig. 1B) ; thus either in the sterol B-ring (CH7) or side-chain (CH24, CH25 and CH27). Arabidopsis and potato were chosen as two plant species having a low, or high, relative level of cholesterol, respectively. The results demonstrate that increased hydroxysterol biosynthesis in Arabidopsis and potato plants causes different effects on sterol metabolism, growth and development.
CH24 and CH7 plants was also rather similar to that of control lines, although several CH24 lines were somewhat smaller in size. The strongest effects of the transformation were observed in CH25 lines. Strong CH25 lines had dark-green leaves and were severe dwarfs. The dwarf phenotype was clearly stronger for homozygous plants than for heterozygous ones (Fig. 2, B-D) . Analysis of the T3 generations revealed that the occurrence of fertile CH25 homozygous T3 lines was significantly underrepresented (Table I ), and that the flower development was disturbed (Fig. 2D) . The flower opened to a lesser degree than wild-type flowers, and styles were clearly shorter (Supplemental Fig. S2 ), likely leading to the reduced self-fertility of CH25 plants in homozygous form.
Particularly when grown under short-day conditions, several CH25 lines could be preserved only as heterozygotes, unless the homozygous transformants were pollinated by hand.
Hydroxysterol and sterol levels in wild-type Arabidopsis and cholesterol hydroxylase transformants
To monitor functional expression of the introduced CH genes, hydroxysterols were enriched using solid-phase extraction (SPE) and analyzed by GC-MS in wild-type Arabidopsis plants and in strong CH-expressing lines. Analysis of wild-type plants revealed very low levels of hydroxysterols on a fresh weight (f.w.) basis, and extraction of as much as 20 g leaf tissue was necessary to obtain measurable amounts. GC-MS analysis revealed 2 minor peaks having the same retention time and MS fragmentation pattern as authentic 7α-hydroxycholesterol and 7β-hydroxycholesterol standards, respectively (Fig. 3 , A-C). Levels were estimated to 0.008 mg kg -1 f.w. 7α-hydroxycholesterol and 0.005 mg kg -1 f.w. 7β-hydroxycholesterol (Supplemental Table   S1 ). In addition, other metabolites with a molecular ion at m/z 560 and 574 were based on their mass spectra tentatively identified as the α and β forms of 7-hydroxycampesterol (not shown) and 7-hydroxysitosterol ( Fig. 3D) , respectively, although the position of the hydroxyl group needs to be confirmed. None of the three other hydroxylated cholesterol species that were expected to occur in the CH transformants (i.e. 24-hydroxycholesterol, 25-hydroxycholesterol, and 27-hydroxycholesterol) could be detected in the wild type.
In contrast, 7-, 24-and 25-hydroxycholesterol species were readily resolved and identified in the CH7, CH24 and CH25 lines, respectively (Table II ; Fig. 4 ). The hydroxysterol fraction in leaves from the transgenic CH7 lines no. 4 and no. 8 contained 0.09 mg kg -1 f.w. and 0.12 mg kg -1 f.w. 7-hydroxycholesterol, respectively, thus more than 10-fold higher than the trace levels in wild-type plants. Based on the GC retention time and MS fragmentation pattern, the hydroxyl group was determined as being in the α -orientation, in agreement with the known catalytic function of the CH7 enzyme (CYP7A1) in rat (Ogishima et al., 1987) . The hydroxysterol fraction of CH24 line no. 3 contained 0.22 ± 0.02 mg kg -1 f.w. 24-hydroxycholesterol, whereas CH25 line no. 5 contained as much as 11.1 ± 3.7 mg kg -1 f.w. 25-hydroxycholesterol (Table II) .
However, despite a strong expression of the CH27 transcript, no 27-hydroxycholesterol could be detected in CH27 lines, indicating that the CH27 construct was not functional.
In addition to the expected presence of 24-hydroxycholesterol and 25-hydroxycholesterol in CH24 and CH25 lines, respectively, these lines also contained other hydroxysterols (Table II) . In CH24 lines, this included 24-hydroxy-24-methyl cholesterol, but the C-24 R/S orientation could not be deduced from the GC-MS analysis. In CH25 lines, 25-hydroxylated forms of campesterol, 24-methylene cholesterol and stigmasterol were identified, together with eight other hydroxysterols that were either tentatively identified, or unidentified. Presence of an abundant fragment with m/z 131, characteristic of 25-hydroxylated desmethylsterols, in 10 out of the 11 hydroxysterols suggests that the different hydroxylations in CH lines specifically occurred at C-25. The amounts of the different hydroxysterol forms in CH25 lines was about 3-5 times higher in homozygotes than in heterozygotes (Table II) , thus suggesting a causal relationship between the level of 25-hydroxylated sterols and the stronger effects on growth and development in homozygotes. The invariant position of the hydroxyl group at C-24 or C-25, respectively, for these additional hydroxysterol species is consistent with the known catalytic function of the transgene-encoded protein, and suggests that the mouse enzymes are able to use other sterols than cholesterol as substrates in a plant sterol background. In contrast, there were no increases of hydroxysterol species other than 7α-hydroxycholesterol in CH7 lines, indicating a higher substrate specificity of the CH7 enzyme compared with CH24 and CH25, or that any additional product was below detection.
the ratio of C9 to C10 sterols in CH24 lines increased from 9 % to 18 % of total desmethylsterols, while the total sum of desmethylsterols was not altered (Fig. 5A ).
Moreover, for both the C9 and C10 branch of the sterol biosynthesis pathway, the proportion of sterols that are substrates for the Δ 24(28) reduction step increased, and the corresponding products decreased, leading to a higher proportion of 24-methylene cholesterol to campesterol (C9 branch), and of isofucosterol to sitosterol (C10 branch).
Thus, whereas 24-methylene cholesterol was not detectable in the wild type, this sterol was in CH24 lines present at levels even higher than those of campesterol. In the CH25
lines, the desmethylsterol profile showed a pattern similar to that in CH24 lines, but was even more pronounced (Fig. 5A) , and was stronger in homozygotes than in heterozygotes (Supplemental Fig. S3C ). The C9:C10 sterol ratio increased strongly, and C9 sterols contributed to 77 % of total desmethylsterols. The ratios of 24-methylene cholesterol:campesterol, and of isofucosterol:sitosterol, was even higher than those in CH24 lines. Furthermore, the level of cholesterol was raised to 11 % of total desmethylsterols. The increased proportion of C9 sterols was mainly at the expense of C10 ones, which accounted for 89 % in the wild type, but only 12 % in CH25 (Fig 5A) .
The ratio of hydroxysterols to desmethylsterols varied widely between the transformants; in CH7 and CH24 the hydroxysterols were less than 1 %, but in the CH25 homozygotic lines they amounted to about 20 % of the total of desmethylsterols and hydroxylated desmethylsterols (Table II; Fig. 5) In the CH25 lines, there was an increase not only in the total amounts of 4-desmethylsterols but also in their precursors; 4-monomethylsterols and 4,4´-dimethylsterols (Fig. 5) . The increase in precursors appeared from visual examination of the berberine-stained TLC plates used to separate the sterols (Supplemental Fig. S3D) and was verified by GC-MS analyses. In the 4-monomethylsterol fraction there were increased levels of cycloeucalenol, obtusifoliol and 24-methylene lophenol, whereas the levels of the product of the SMT2 reaction; 24-ethylidene lophenol, was low ( Fig. 5B ), in accordance with the altered profile of desmethylsterols. It should be noted that the low amounts of 4-monomethylsterols make comparisons within this sterol class less precise. In the 4,4´-dimethylsterol fraction from CH25 lines, levels of both cycloartenol and 24-methylene cycloartanol were clearly increased as compared to the wild type (Fig. 5C) , and there was a tendency for an increased ratio of cycloartenol to 24-methylene cycloartanol. Also CH24 lines displayed somewhat elevated 4,4´-dimethyl and 4-monomethyl sterol levels, as compared to wild-type plants (Fig. 5 , B and C).
Generation and sterol analysis of potato CH transformants
The changes in sterol composition in the CH25 Arabidopsis transformants suggested that the channeling of sterols along the C9-and C10-branch was severely inhibited, possibly already at the level of cycloartenol methylation to 24-methylene cycloartanol.
To further investigate these effects on sterol profiles, we performed equivalent CH transformations of potato, a plant species that has a higher relative level of cholesterol than Arabidopsis. We hypothesized that the higher amounts of cholesterol available as substrate for CH25, coupled to a higher flux of cycloartenol towards cholesterol in this species, might lead to less severe effects of CH25 hydroxylation.
The transformations yielded plants that in the heterozygotic T1 generation were quite similar to the wild type ('Desirée'). For instance, none of the 21 independent CH25
transformants that were regenerated from two separate transformations displayed a dwarf phenotype. Two CH25 transformants with a strong transgene expression were chosen for further analyses of hydroxysterol and sterol levels (Supplemental Fig. S4 ).
The level of 25-hydroxycholesterol was for the amount of tissue analyzed below detection in wild-type 'Desirée' plants, but was in two strong CH25 overexpressors clearly detectable at 6.6 ± 1.3 mg kg -1 f.w. and 8.9 ± 2.0 mg kg -1 f.w. (n=3, m ± SD), demonstrating that the CH25 enzyme was functional also in potato.
The levels of 25-hydroxycholesterol were about 5-fold higher than in equivalent Arabidopsis heterozygotes, which is in accordance with the endogenous higher cholesterol levels in potato. Additional hydroxysterol species were present also in the CH25 potato lines (not shown), although their identity was not further investigated.
However, in contrast to the CH25 Arabidopsis lines, the potato CH25 lines exhibited normal growth and no major changes in sterol profiles, although cholesterol levels were reduced somewhat (Supplemental Fig. S4 ). Hence, an alteration of the proportion of C8, C9, and C10 sterols was not significant in potato.
Altered activity of sterol-biosynthetic enzymes in CH24 and CH25 transformants
The sterol methyltransferase type 1 (SMT1) and type 2 (SMT2) enzymes act at the branch points of the C8, C9, and C10 sterol pathways. Cycloartenol is the preferred substrate for SMT1, and 24-methylene lophenol for SMT2. To investigate if the altered sterol composition in Arabidopsis CH24 and CH25 lines could be attributed to an altered activity of SMT1 or SMT2, these enzyme activities were analyzed in microsome preparations from leaf materials.
Compared to the wild type, the enzymatic assays revealed in CH24 plants a 1.7-fold and 3.2-fold higher activity of SMT1 and SMT2, respectively, and in CH25 plants a 3.4-fold and 6.3-fold higher activity (Table III) . Parallel analyses of SMT1 and SMT2 gene expression using quantitative RT-PCR did not reveal any major increases in SMT1 and SMT2 gene expression in CH24 and CH25 lines, as compared to the wild type (Supplemental Fig. S5 ). Rather, the expression of both SMT1 and SMT2 was in CH25
lines somewhat reduced.
Brassinosteroid levels and dose-responses in CH25 transformants
The dark-green color and dwarf phenotype of CH25 plants resembled Arabidopsis mutants having a defect metabolism of, or sensitivity to, the plant growth hormone brassinosteroid (BR). To investigate the BR metabolism in the transformants, the BR level was determined using GC-MS in two separate CH25 lines (lines no. 3 and no. 5), and compared to wild-type plants. This revealed a general reduction of BRs in the CH25
lines, being more pronounced in homozygous CH25 plants than in heterozygous ones (Table IV ). For instance, the level of 6-deoxocastasterone was reduced about 15 % in heterozygotes of both lines compared to the wild type, whereas it in homozygous lines was reduced 60 % in line no. 5, and 80 % in line no. 3. Also the level of castasterone (CS), the immediate precursor of brassinolide (BL), was reduced by ca. 70 %. However, the level of BL was below detection for all genotypes when grown and analyzed under our conditions. The degree of BR reduction correlated with the shorter stature of CH25 homozygotes compared with heterozygotes, and a somewhat stronger phenotype of the line no. 3 compared with line no. 5 (not shown).
The dwarf phenotype of CH25 lines could be caused by an inhibition of the perception/transduction of the BR signal, or alternatively, by lower levels of active BRs.
As a measure of the BR responsiveness, the dose-dependent stimulation of hypocotyl elongation and inhibition of root growth by CS and BL was followed in vitro. For comparison, the Arabidopsis dwarf mutant det2-1 was used as an example of a plant with reduced BR synthesis and a dwarf phenotype. This mutant has reduced activity of the enzyme steroid 5α-reductase, resulting in lower synthesis of the early BL precursor campestanol (Fujioka et al., 1997) . The results showed that heterozygous CH25 lines displayed a dose-dependent stimulation of hypocotyl elongation ( Fig. 6 ), similar to that shown for det2-1 (Fujioka et al., 1997) . Heterozygotes were fully restored to the growth pattern of empty-vector control transformants, by treatments with 100 nM to 1000 nM BL or 1000 nM CS, whereas the stimulatory effect in homozygotes did not reach the same extent as in controls. The capacity to react to BRs with an inhibition of seedling root growth was also clearly contained in the CH25 transformants, which showed progressively reduced root lengths at treatments with increasing concentration of BL up to 1000 nM and CS 100 nM (Supplemental Fig. S6 ). In addition, when grown for a longer period of time on CS-and BL-supplemented media, an increased petiole length, a larger leaf blade, and an epinastic leaf growth were evident in both CH25 and det2-1 mutants (not shown). Together these results demonstrate that CH25 lines are responsive to BRs such as CS and BL in the root, hypocotyl and shoot. Hence, a reduced endogenous level of BRs, rather than a reduced BR responsiveness, may be considered as the prime cause of the CH25 dwarf phenotype.
CH25 expression increases drought tolerance
To investigate whether the altered sterol and steroid metabolism in CH24 and CH25
transformants influenced the physiology of the plants, their responses to drought, cold, and heat stresses were monitored and compared to empty-vector transformants and the BR det2-1 mutant. Due to the severe dwarf phenotype of CH25 lines in homozygote form, CH25 heterozygotes were selected to obtain a test material that was more comparable in size to the other genotypes. After 14 d without watering, severe drought stress symptoms such as growth reduction, leaf wilting and drying of the leaf blade,
were observed in almost all control transformants and in CH24 plants, whereas heterozygote CH25 plants and det2-1 mutants showed clearly milder symptoms ( Fig. 7) , and in a significantly lesser proportion of the plants analyzed (Table V) . In a separate test, plants were re-watered after a continuous drought stress for 21 d, and the proportion of surviving plants was scored. Only 5 % of the control transformants and the CH24 plants recovered after the treatment, whereas 52 % of CH25 heterozygote plants and 40 % of det2-1 survived. However, no significant differences compared to the wild type were observed among the transformant genotypes with regard to their capacity to withstand heat or cold stresses (not shown).
DISCUSSION Endogenous hydroxysterol production in wild-type and transgenic plants
We have here attempted to modify the sterol composition and turnover in Arabidopsis and potato plants by channeling cholesterol to hydroxylated forms via expression of mouse CH enzymes in planta. Little is presently known about the occurrence, metabolism or biological activity of hydroxysterols in plants. Technical difficulties in analyzing the minute levels of hydroxysterols that are present in plants has probably been one factor hampering studies in this area. Among few previous reports is one from barley, where 7α-hydroxy, 7β-hydroxy, and 7-keto forms of campesterol, sitosterol and stigmasterol were identified in roots, but not in leaves (König and Seifert, 1998) . No hydroxylated forms of cholesterol were reported, in line with the low levels of cholesterol (below 0.5 % of total) in the investigated cultivar.
The SPE protocol used in our study offers a convenient and reproducible method for hydroxysterol extraction from plant materials (Dutta and Appelqvist, 1997), and should simplify further studies in this field. Using this protocol we were able to demonstrate low amounts of hydroxysterols in wild-type Arabidopsis plants, mainly 7α-hydroxycholesterol, 7β-hydroxycholesterol, and four metabolites tentatively identified as the α and β forms of 7-hydroxycampesterol and 7-hydroxysitosterol ( Fig. 3 ). At present we do not know if these hydroxysterols are formed in planta by enzymatic activity or spontaneous oxidation, or alternatively, formed in vitro during the extraction process. The later explanation is considered as less likely, since the SPE protocol does not involve TLC separation, and thus minimizes sample exposure to atmospheric oxygen during purification. In line with this suggestion is the fact that further oxidized hydroxysterols (e.g. keto-sterols) were not detected. Together with the previous study in barley, our results suggest that hydroxysterols are endogenous sterol metabolites in plants, and that their composition varies between species, as does the composition of main sterols. Time-course feeding studies using labeled sterol precursors may now be performed to clarify the process of hydroxysterol synthesis. The identification of the main hydroxysterol forms in Arabidopsis presented here, should simplify such attempts.
as a substrate, even in a plant sterol background. The introduced CH24 and CH25 cholesterol hydroxylases were, in contrast, not fully specific for cholesterol, and hydroxylated forms of other sterols also occurred, most notably in CH25 lines (Table   II) . This wider substrate acceptance of the CH25 hydroxylase presumably reflects different enzymatic properties of CH25, a non-heme mono-oxygenase, compared to CH7 and CH24, which both are cytochrome P450 proteins.
Hydroxysterol synthesis alters sterol metabolism
For both CH24 and CH25 lines, the synthesis of hydroxysterols was correlated with alterations in the composition of common (non-hydroxylated) sterols. There was a striking decrease in C10 side-chain sterols, and a corresponding relative increase in C8
and C9 ones (Fig. 5 ). By contrast, sterol profiles were apparently normal in CH7 lines.
This may be due to the low amounts of 7-hydroxycholesterol formed, but also indicates that hydroxylations in the sterol B-ring (CH7) have a weaker biological effect than hydroxylations in the sterol side-chain (CH24, CH25). The altered sterol profiles in the CH24 and CH25 transformants indicated that mainly steps in the sterol side-chain metabolism were affected. For instance, in CH25 transformants, the ratio of cycloartenol to 24-methylene cycloartanol increased, as did the ratio of C9 to C10 sterol species, and the ratio of substrates for the Δ 24(28) reduction step relative to its products.
There were no indications of altered ratios of sterol intermediates representing metabolism of other parts of the sterol skeleton. This suggests that the enzymatic steps affecting side-chain modifications (SMT1, SMT2 and the DWF1 Δ 24(28) reductase) are inhibited in vivo by the side-chain hydroxylated sterols. Reports from various mutants, transformants and inhibitor-treated plants with modified expression or activity of these enzymes support this suggestion. The increased sterol channeling in CH25 lines towards C8 and C9 side-chain sterols can thus be thought to resemble that observed for C8 sidechain sterols in Arabidopsis smt1 mutants (Diener et al., 2000) , and for C9 side-chain sterols in transformants with cosuppression of the SMT2;1 gene (Schaeffer et al., 2001) as well as in smt2 mutants (Carland et al., 2002 (Carland et al., , 2010 . Likewise, the altered proportions in CH24 and CH25 lines between 24-methylene cholesterol and campesterol, as well as between isofucosterol and sitosterol, parallels the situation in the The increases in SMT1 and SMT2 enzyme activity determined in vitro in microsomes from CH24 and CH25 Arabidopsis transformants (Table III) do not support the substrate:product ratios measured in vivo (Fig. 5 ). At present we have no explanation for this apparent contradiction, but suggest that the enzyme measurements in vitro do not
give an adequate picture of the situation in vivo. This is to some extent supported by the fact that there were no indications of a stronger expression of the SMT1 and SMT2 genes (Supplemental Fig. S5 ), as has been reported for SMT transformants with elevated SMT1 and SMT2 activities in vitro, leading to an increased sitosterol production (Sitbon and Jonsson, 2001; Arnqvist et al., 2003) . Another suggestion is that the increased SMT enzyme activity may be a compensatory effect to overcome a metabolic bottleneck caused by substrate accumulation. This would be in some agreement with the increased SMT1 activity found in potato discs, which accumulated cycloartenol after wounding (Bergenstråhle et al., 1993) . The fact that the potato CH25
transformants did not change their proportion of sterols (Supplemental Fig. S4 ), supports to some extent a SMT1-catalysed conversion of cycloartenol to 24-methylene cycloartanol as one of the steps that are inhibited in CH25 Arabidopsis lines. In potato, the relative amount of cholesterol is much higher than in Arabidopsis, and the flux of sterol precursors is to a significant extent already going along the C8-branch to cholesterol. This might minimize the effect of sterol 25-hydroxylations in potato due to a lower strain on the SMT1-catalysed reaction and following steps in the C9-and C10-side chain branches.
Interestingly, transgenic tobacco plants with an increased conversion of sterols to stanols from expression of an Actinomyces cholesterol oxidase gene, CHO, also displayed a dwarf phenotype, but did not contain an alteration of the sterol composition similar to that in our CH Arabidopsis transformants (Corbin et al., 2001; Heyer et al., 2004) . This indicates that the hydroxylation process, rather than the increased turnover of sterols, causes the altered sterol profiles in our Arabidopsis CH lines. However, since also tobacco is a plant species with a relatively high proportion of cholesterol (Sitbon and Jonsson 2001) , an alternative interpretation is that the regulation of sterol metabolism in CHO tobacco may be similar to that in our CH25 potato plants, where no significant effects on desmethylsterol profiles were observed. Transformation of Arabidopsis with the CHO construct would be one way of investigating these observations further.
CH25 expression alters metabolism of BL precursors
The level of several BL precursors, e.g. CS and typhasterol, was lower in CH25 plants than in the wild type (Table IV) . The level of BL was below detection in both genotypes, although the complementation of the CH25 dwarf phenotype with exogenous CS and BL (Fig. 6) interpreted as a CYP72-like effect on BR metabolism, due to the more relaxed substrate specificity of CH25 compared to CH7 and CH24.
Overexpression of CH25 increases drought tolerance in Arabidopsis
In addition to a reduced growth rate, the CH25 plants also displayed an enhanced resistance to a drought stress, comparable to that in the BR-deficient control det2 mutant (Fig. 7) . However, an increased 24-hydroxysterol synthesis in CH24 lines was without effect in this aspect. Previous observations have shown that the det2 mutant has an enhanced tolerance to oxidative stress (Cao et al., 2005) Total RNA was extracted from Arabidopsis leafs using a Qiagen RNeasy Plant mini kit (Qiagen Ltd., Crawley, West Sussex, UK) as recommended by the manufacturer. To monitor transgene expression, cDNA was synthesized from 2 µg of total RNA and used as the template in a RT-PCR using the same CH primers as described above, and with ACTIN2 as the reference gene. The primers for ACTIN2 were 5'-ACCAGCTCTTCCATCGAGAA-3' and 5'-GAACCACCGATCCAGACACT-3', which yielded an amplified product of 340 bp.
MATERIALS AND METHODS

Plant materials
Wild-type
Quantitative real-time PCR analysis of SMT1 and SMT2 expression
Total RNA extracted from rosette leaves was DNAse-treated and quantified with a spectrophotometer. All preparations were as a control visually inspected for a distinct appearance of rRNA after agarose gel electrophoresis. cDNA was synthesized using Table S2 .
Sterol analysis
The levels of free desmethylsterols, 4-monomethylsterols and 4,4'-dimethylsterols were analyzed in rosette leaf samples (400 mg f.w.) or for dwarfed plants, samples of aboveground tissue (300-800 mg f.w.). Total lipids were extracted from crushed tissue with chloroform: methanol (2:1, v/v) for 1 h at 70 ºC. The 4-des-, 4-mono-and 4,4'-dimethylsterols were separated by two runs of TLC with dichloromethane as developing solvent, and extracted from the plate. Different amounts (1 to 5 g) of 5α-cholestane (Sigma-Aldrich Inc., St. Louis, Missouri, USA) was added to the sterol fractions as an internal standard, and sterols were quantified relative to the standard by GC as described (Arnqvist et al., 2003) , and identified by GC-MS as described above. Correction for sample losses was performed by parallel analyses of a desmethylsterol mixture.
Standards for sterol identification by retention time and mass spectra were obtained for cycloartenol (Steraloids, Newport, Rhode Island, USA), 24-methylene cholesterol (Research Plus Inc., Barnegat, New Jersey, USA, brassicasterol (Steraloids Inc., Newport, Rhode Island, USA) 24-methylene lophenol (a gift from Dr. Bouvier-Navé,
BR measurement and dose-response assays
Aerial parts of wild-type plants and two CH25 lines (10 g f.w.) were harvested and lyophilized. The tissues were extracted twice with 250 ml of MeOH. Deuterium-labeled internal standards were added to the extracts. Purification and quantification of BRs were carried out according to Fujioka et al. (2002) .
For analysis of dose-dependent BR effects on seedling growth, seeds of wild-type Arabidopsis (Col.), one CH24 homozygote, two CH25 lines in heterozygous form, and the det2 mutant, were sterilized and sown on Petri dishes containing Murashige and Skoog medium supplemented with 2 % sucrose and solidified with 0.25 % Gelrite. The
Petri dishes were incubated at 20 ºC under a 16/8 h light cycle using fluorescent tubes giving a photon flux density of 100 µmol m -2 s -1 . After two weeks, seedlings were transferred to fresh Petri dishes containing a gradient from 0 to 1000 nM of either BL or CS (Chemiclones Inc., Waterloo, Ontario, Canada). Plates were incubated vertically for 5 d, after which the root elongation and hypocotyl length was measured to the nearest 0.1 mm. For analysis of dose-dependent effects on general development, plates were incubated horizontally for two weeks, and documented by photography.
Enzymatic Assay of SMT1 and SMT2 activity
Microsomal fractions were isolated from rosette leaves (5 g f.w.) as described ( For cold tolerance tests, plants were grown in soil for 3 weeks, and then incubated for two weeks at 4 °C under short-day conditions in a growth chamber, and scored as above. For heat tolerance tests, plants were grown during short-day conditions for 6 weeks. The temperature was then increased to 45 °C during the day, and 22 °C at night.
Plants received equal amounts of water, and were scored after one week. Mean value ± SD of at least 3 biological replicates. CH7, CH24, CH25 and CH27 transformants, and an emptyvector control line, were selected for kanamycin resistance before being transferred to soil (day 0), and further growth in a climate room. The frequency of T3 homozygotes was analyzed in the offspring from 10-12 self-fertilized T2 plants with 3:1 segregation.
Rosette diameter and flowering frequency refer to the lines depicted in Fig. 2 
